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Ancient DNA (aDNA) is defined as DNA extracted from archival, archeological, forensic, or paleontological specimens (1) . It is typically highly degraded as a result of having withstood chemical and physical assaults from post-mortem enzymatic digestion and environmental degradation (2, 3) . Common characteristics of an aDNA extract include: short fragment lengths (typically <150 bp) due to extensive fragmentation; singlestranded termini DNA where the majority of base damage is located (4); low endogenous (or target) DNA content (i.e., mammoth DNA, in this case), though this can be variable (5, 6) ; high exogenous (or non-target) ancient DNA content, most often comprised of bacteria from the specimen's microbiome and environment at the time of death; and in some cases, better preserved DNA from modern contamination. It is expected that the damaged DNA in both the endogenous and exogenous fractions will have similar degradation patterns due to similar preservation conditions. Although more contemporar y DNA, which could still be centuries old, will likely have longer fragments and fewer intrinsic damaged sites, the age of a sample has little correlation with the extent of DNA degradation. Many factors, such as the specimen's preservation conditions or the time until burial, are more reliable predictors of long-term DNA preservation (7) . Most ancient samples no longer contain enough DNA to be quantifiable by traditional methods, but the field of aDNA has circumvented this issue by finding innovative ways of exploiting genomic methodologies, such as the analysis of extremely short fragments via highthroughput sequencing (HTS) (8) .
Types of typical aDNA damage are summarized in Supplementary Table  S1 , but the following three should be highlighted: Apurinic and apyrimidinic sites (AP sites) result from the cleavage of the b-N-glycosidic bond between the base and the deoxyribose (3). They occur more frequently in deoxyguanosine or deoxyadenosine, due to a weak carbonpurine bond (9) , and they can prevent Surveying the repair of ancient DNA from bones via high-throughput sequencing Nathalie Mouttham 1, 2 , Jennifer Klunk 1, 2 , Melanie Kuch 1 DNA damage in the form of abasic sites, chemically altered nucleotides, and strand fragmentation is the foremost limitation in obtaining genetic information from many ancient samples. Upon cell death, DNA continues to endure various chemical attacks such as hydrolysis and oxidation, but repair pathways found in vivo no longer operate. By incubating degraded DNA with specific enzyme combinations adopted from these pathways, it is possible to reverse some of the post-mortem nucleic acid damage prior to downstream analyses such as library preparation, targeted enrichment, and high-throughput sequencing. Here, we evaluate the performance of two available repair protocols on previously characterized DNA extracts from four mammoths. Both methods use endonucleases and glycosylases along with a DNA polymerase-ligase combination. PreCR Repair Mix increases the number of molecules converted to sequencing libraries, leading to an increase in endogenous content and a decrease in cytosine-to-thymine transitions due to cytosine deamination. However, the effects of Nelson Repair Mix on repair of DNA damage remain inconclusive.
Reports

METHOD SUMMARY
Active and heat-inactivated enzymatic DNA repair with the PreCR and Nelson protocols was performed on four mammoth extracts (each in technical duplicates) and one mylodon blank. Repaired extracts were placed into indexed libraries and high-throughput sequenced. The repair efficiency of each method was evaluated based on mitochondrial and nuclear endogenous contents, fragment length distributions, and base misincorporation counts, which were established from 3-million-read subsets of each library. extension during replication by stalling DNA polymerases. As such, while longer, damaged fragments may be preserved, there will be an amplification bias toward shorter undamaged or less-damaged DNA templates. Many nucleotide repair enzymes require an AP intermediate. If they are not removed by endonuclease IV, new abasic sites can be created during enzymatic repair, artificially increasing the level of pre-existing DNA damage. Additionally, single-stranded nicks (ss nicks) in double-stranded DNA (dsDNA) due to breaks in the phosphodiester bond of the deoxyribose backbone are prevalent (3) and require the presence of the complementary strand to be repaired. Lastly, the conversion of deaminated cytosines to uracil bases, normally not found in DNA, is caused by the loss of an amine group. Cytosine deamination is a common occurrence in ancient extracts (2): it occurs naturally over time and persists after the death of an organism. As ubiquitous as they are, deaminated cytosines have a lesser overall impact in terms of sequence retrieval, as they induce miscoding lesions in the DNA sequence, without preventing amplification or hindering library preparation. However, as many researchers in the field perform uracil removal in pre-library preparation, which results in the loss of short-terminal sequences, the presence of deaminated cytosines can affect the recovery of sequence data from fossil remains. Since they can be observed in the sequencing data, their patterns can be used for authenticating ancient DNA (4) .
DNA damage occurs in every living organism and is used as a measure of stress or aging (10) . There are in-vivo repair mechanisms (e.g., nucleotide or base excision repair pathways) to counteract this perpetual deterioration (11) . These repair pathways are efficient and usually accurate, though some damaged bases can occasionally be omitted, leading to mutations. Upon death, however, DNA continues to face hydrolytic, oxidative and UV attacks that are not repaired post-mortem. This subsequent damage, commonly observed in ancient and forensic samples, is the single most important limitation to retrieving genetic information from deceased organisms. By using enzymatic mixtures very close to those found in the excision repair pathways, some DNA damage may theoretically be reversed.
The efficacy of two in vitro repair protocols was evaluated using ancient mammoth DNA extracts previously characterized by a targeted qPCR assay (12) (see Supplementary Table  S2 for details). Table 1 summarizes the enzymatic composition of both kits. The first one is the commercially available PreCR Repair Mix from New England Biolabs (Ipswich, MA). This kit has been previously tested for forensic applications (13) (14) (15) . However, these evaluations focused on short tandem repeat (STR) profiling, whereas this project, like the majority of current aDNA projects, is HTS-based. The second enzymatic mixture was obtained from a U.S. Department of Justice report, titled "Repair of damaged DNA for forensic analysis" (J. Nelson, 2009). It was chosen because of its similarities to the PreCR Repair Mix: they each have four common endonuclease/glycosylases but have different ligase-DNA polymerase combinations, and PreCR also contains a uracil-DNA-glycosylase. 
Experimental design
When deciding on controls for repair efficacy, active repair reactions could be compared with (i) non-repaired extracts or (ii) heat-inactivated repair reactions, and the latter were selected. The heatinactivated controls were critical in establishing which changes to aDNA extracts were caused by non-enzymatic reactions due to pH, ionic concentration, or buffer components. As such, the results presented are a comparison of heatinactivated and active enzymatic repair mixtures. Two additional types of negative controls were used in this study: extraction and carrier blanks. Extraction (or reagent) blanks undergo the same process as the normal samples but do not contain any DNA, allowing for the detection of contamination introduced by reagents. Carrier blanks play the same role as extraction blanks, except they contain DNA from another ancient sample (Mylodon darwinii, an extinct ground sloth). This type of control, sometimes found in aDNA studies, favors the detection of minute amounts of cross-contaminating DNA by creating a carrier effect via an artificial exogenous background (16) .
Sample choice and DNA extraction DNA was extracted from technical duplicates of four mammoth (genus Mammuthus) specimens, chosen for their varying endogenous contents, and one mylodon specimen used as a carrier blank. Multiple 100-200 mg subsamples of bone were demineralized and digested. DNA was obtained using a modified proteinase K digestion and subsequent phenol-chloroformisoamyl alcohol extraction method (17, 18) .
DNA repair
PreCR Rpair Mix was prepared in 30 µL, according to the manufacturer's instructions (New England Biolabs), and Nelson Repair Mix was prepared in 30 µL, according to the author's instructions. Heat-inactivated reactions mixes were incubated at 95°C (PreCR) or 85°C (Nelson) for 20 min while the active mixtures were kept on ice. Aliquots of ~50 ng total DNA were added and reactions were incubated at 37°C for 20 min. To inactivate the reaction, repaired extracts were purified over a MinElute column, following the manufacturer's instructions (Qiagen, Venlo, The Netherlands).
Library preparation and quantification
The protocol followed is a modified version of Meyer & Kircher (19) , with the modifications described in Kircher et al. (20) for double-indexing. A quantification assay targeting the cluster generation sequence was performed, which measured the number of adapted molecules. Based on these values, each sample was normalized to the number of copies in 1 µl of the lowest, non-extraction blank sample and was pooled at an equal copy number.
Sequencing and data curation
All sequencing was performed using a rapid flow cell on a HiSeq 1500
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Choose from: (26) were taken from each library to analyze endogenous content, fragment length distribution, and base misincorporations using mapDamage v.2.0 (27) . A paired, two-sample t-test (a = 0.05) was used to determine statistical significance for all analyses. Reads were uploaded to the Short Read Archive (Project Number PRJNA276848).
Results and discussion
A summary and interpretation of the results is presented in Table 2 . It is clear that both the active Nelson and PreCR reaction mixtures have distinct effects on ancient extracts, based on endogenous DNA content, fragment length distributions, and base misincorporations. The selected mammoth specimens come from bones preserved in permafrost regions and, as such, should not be seen as representative of all ancient DNA samples. However, they do offer a more realistic model of DNA degradation than artificially damaged samples, and the subsequent conclusions can likely be extrapolated and extended to other types of sample tissues and preservation conditions. Quantitative PCR measurements targeted to the 5´ end of each index show that, given the same library preparation DNA input, there was no significant variation in adaptation or indexing, as the number of adapted molecules is within the same order of magnitude for all extracts (Supplementary Figure S1) .
Endogenous mitochondrial and nuclear contents were calculated based on the number of reads that mapped to the mammoth mitochondrial genome and a masked repeat African elephant nuclear reference genome ( Figure  1 ). Not surprisingly, only 0.008%-0.05% (~190-1400 reads) of the total fragments map to the M. primigenius mitochondrial genome. Conversely, the nuclear endogenous content is higher, representing almost 25% of the reads (~620,000 reads) for sample A and as low as 2.5% (~75,000 reads) for sample B. This heterogeneity is characteristic of the diversity seen in most aDNA specimens. The extraction (reagent) blanks yielded a negligible amount of total sequencing reads (~300-43,000 reads) (data not shown) or nuclear mammoth reads (<15 reads) (data not shown). A 49-bp quantitative PCR assay targeting the mitochondrial mammoth genome performed after the enzymatic repair reactions confirmed the presence of negligible amounts of mammoth reads in the carrier and extraction blanks (<3 copies per ml) (data not shown).
There is an increase in the proportion of shorter fragments from total reads (Supplementary Figure S2) and from mapped nuclear reads (Supplementary Figure S3) in active PreCR Repair Mix compared with the heat-inactivated mix. Likewise, the average decrease in median fragment length seen in total DNA reads (-5.79 bp) is accentuated in mitochondrial (-6.60 bp) and nuclear (-7.52 bp) mammoth reads ( Figure  2 ), implying that length reduction is occurring preferentially in degraded molecules and presumably in the fragile single-stranded termini. Given the number of sequential enzymatic activities that need to take place to repair heavily degraded DNA molecules, it is probable that additional AP sites and ss nicks are formed during the repair process.
A successful enzymatic repair should be marked by an increase in overall fragment length (i.e., previously unavailable longer fragments become accessible), and an increase in the number of adapted molecules or total overall content (i.e., more reads are mapped to the reference genome). However, the exact opposite is seen in Figure 1 and Table 2 , and corroborated by Supplementary Figure S3 : the endogenous DNA content decreases post-Nelson repair protocol. This would imply that the reaction is increasing the fragment length of total reads while simultaneously decreasing the number of endogenous fragments. Note that no overall conclusion can be made about the length of endogenous reads, as there is too much variability among the samples. From these contradictory statements, it is clear that no easily discernible repair is taking place. A qualitative assessment of the DNA post-repair reactions was established by mapping reads against the M. primigenius mitochondrial genome using mapDamage2.0 and counting the base misincorporations (i.e., substitutions, insertions, and deletions) observed (see Supplementary Table S3 for all values). Cytosine (C) to thymine (T) misincorporations, which are the result of cytosine deamination, are repaired by uracil-DNA-glycosylase (UDG) ( Figure 3A) . The absence of UDG from the Nelson Repair Mix accounts for the similarities seen between active and inactive reactions. The decrease in number of C to T misincorporations in active compared with inactive PreCR Repair Mix is significant in most samples (statistics could not be calculated for sample A due to a failed technical replicate). The data suggest at a minimum that UDG is functioning properly in the repair reaction. Guanine (G) to T misincorporations are representative of guanine oxidation (leading to thymine glycol) and are repaired by formaminidopyrimidine-DNA-glycosylase (FPG) ( Figure 3B ). For both active Nelson and PreCR repair mixtures, the high variation and lack of clear trend in G to T mutations indicate that the activity of FPG is either hindered, highly variable, or the damage is not frequent enough to notice clear trends in repair. FPG favors dsDNA as a substrate in order to repair oxidized purines, and this may be a limiting factor in its efficacy in aDNA extracts, which tend to contain many single-stranded overhangs. This observation would apply to any enzyme with the same dsDNA substrate requirement.
Given these results, it appears that most of the trends observed for PreCR Repair Mix stem from UDG activity. It is the only enzyme that can repair the damage-prone 10-15 bp singlestranded fragment termini common in aDNA. UDG cleaves off uracil but leaves behind an unrepaired AP site that is likely cleaved (and thus the termini are lost) by the action of endonuclease IV. This decreases the length of all fragments but affects the ancient endogenous content more readily than the modern exogenous content ( Figure 2 ). As the phospodiester backbone of unrepaired AP sites eventually breaks, the remaining ssDNA stretch would likely be lost prior to library preparation. Whether this accounts for the increase in adapted molecules (Supplementary Figure S1 ) and endogenous DNA content ( Figure  1 ) is unclear. The results presented here are consistent with previous STR-based evaluations, where peak height decrease or allelic drop-out was observed in more complex DNA samples equivalent to aDNA specimens (14, 15) .
The interpretation of the Nelson Repair Mix data is less straightforward. Since the Nelson Repair Mix does not contain UDG, the enzymes can only repair damaged bases in dsDNA. Endonuclease IV creates 5´ deoxyribose-5-phosphate termini when it repairs AP sites. Consequently, DNA polymerase I is unable to translate nicks due to AP site cleavage, unlike Bst polymerase in the PreCR Repair Mix. Unrepaired AP sites can lead to blunt-end double-stranded breaks. This artificial degradation is more likely to occur on previously damaged fragments and as such, the endogenous fraction is more likely than the more recent exogenous components to acquire damage. The repaired fragments are then likely too damaged to be converted into sequencing libraries or are below the 24-bp mapping cutoff used here. As such, the increase in total fragment length is simply an artifact of the decrease in short, degraded reads, both endogenous and exogenous. This explanation may account for the decrease in overall endogenous content (Figure 1) , the statistically significant increase in read length, and the inconclusive increase in endogenous fragment length (Figure 2) . Alternatively, since T4 ligase in the Nelson Repair Mix is more efficient at binding blunt-end fragments together than Taq ligase in PreCR, we hypothesize that active Nelson Repair Mix ligates random blunt-end fragments together, creating hybrids that may have problems mapping to the reference genome and causing a decrease in the endogenous content (not tested in this paper).
Repairing damaged DNA could have useful applications in many other fields. While the idea of having multiple repair enzymes in a one-step reaction remains attractive for large-scale applications that require robust reproducibility and consistency, it is advised that sequential repair protocols, where one enzymatic reaction is performed at a time, should be explored for optimal DNA repair of ancient extracts (28) .
In conclusion, under the conditions outlined above, there does not appear to be appreciable repair of ancient mammoth bone DNA. The repair of ancient DNA extracts with PreCR Repair Mix yields overall shorter DNA fragments and fewer numbers of base misincorporations by virtue of removal of deaminated cytosines via UDG. The efficiency of the other enzymatic components could not be clearly measured, and thus, it is difficult to assess their ef ficacy during the PreCR repair protocol. DNA repair with the Nelson protocol shows inconclusive results and cannot be recommended at this point until further analyses have been performed. Optimizing enzymatic repair will be critical for the genetic analysis of previously unattainable samples, including heavily damaged fossil DNA extracts, forensic biological evidence, and medical bio-bank specimens.
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